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FOREWORD

-

This report was prepared jointly by Dr. Ellis D. Verink, Jr., of University
of Florida, and Dr. K. B. Das, of the Boeing Company under AFML Contract #F33615-
75-C-5200-1 entitled "Research on Inhibitors for Corrosion Fatigue of High
? Strength Alloys." Project Scientist monitoring this program was Dr. C. T. Lynch

of AFML/LLN.
This report covers work performed during the period from 15 May 1975 to
1 October 1978 and was submitted by the authors 1 October 1978.

This program was conducted jointly by the Department of Materials Science

and Engineering of the University of Florida, Gainesville, Florida under the

, supervision of Dr. Ellis D. Verink, Jr., and the Boeing Aircraft Company under
| the supervision of Dr. K. B. Das. Electrochemical studies, inhibitor screening
| tests and certain fracture toughness tests were performed at University of
Florida. Initial characterization of the starting materials plus fracture H
toughness experiments and the hydrogen analyses of fracture surfaces were

performed by the Research and Engineering Division of the Boeing Aerospace
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Company, Seattle, Washington. The project provided at least partial support

for several graduate students at the University of Florida.
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| SECTION 1

INTRODUCTION

Earlier work at the Univeraity of Florida under Air Force Contract F33615-
; 73-C-5007 as well as work at the Air Force Materials Laboratories showed that
' oxidizing inhibitors are capable of retarding crack growth in certain high

strength alloy steels subjected to aqueous solution. Particular reference is

on ''crevice corrosion" behavior of D6AC alloy in saline solutions. Johnson
observed the phenomenon of a "crevice protection potential." At electrode
\ potentials more noble than this potential, acidification and intensification of
; corrosion occurred within crevices. At potentials more active than the crevice
L protection potential, corrosion within crevices ceased and the crevice pH became
more alkaline. These observations are important since acidification within a
crevice can lead to entry of hydrogen into steel. As also reported by others,3’a
the electrode potentials within an active pit, crevice or propagating crack,5
can be helow (more active than) the equilibrium hydrogen solution potential
(because of local acidification) despite the fact that the bulk pH may be much
t more alkaline. Another key observation was that oxidizing inhibitors may be
‘ used to control the elécttochemical processes within occluded cells and thus to
prevent crevice corrosion. Parrishl extended this work to show a cor:clation
L between the effectiveness of oxidizing inhibitors in preventing crevice corrosion
with the amount and distribution of hydrogen in D6AC steel fracture toughness
specimens. He illustrated the effect by using chromate solutions and hydrazine
solutions to illustrate the possibility of increasing KIscc and reducing crack

velocity by use of oxidizing inhibitors. The present study extenus the work of

made to the work of Patrish,l’z and Johnson3 who studied the influence of inhibitors

A —————-——
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Parrish, Johnson and others to a range of alloys of interest to the Air Force.
Over two hundred inhibitor compounds and formulations were surveyed with regard
to their effect on the electrochemical behavior, fracture toughness behavior,
and influence on hydrogen content of alloys 4340, 300M, 17-4 PH and HP 9~4-30.
At a later stage of the investigation, alloy HY180 was supplied for partial
examination and some data are also submitted on this material. While a number

of quite specific conclusions were made possible as a result of this research,

there are a number of avenues of future research which should prove productive.

These are ennumerated at the end of the report.
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SECTION 2

GENERAL BACKCROUND AND OBJECTIVE OF THE PROGRAM

High strength steels such as D6AC, 4340, 300M, etc., have shown a decided
tendency to tail under stress by hydrogen embrittlement.6_8 The development
of a practical method of preventing hydrogen entry into these steels would be
of immense engineering valus. These alloys could then presumably be used either
at higher strength levels or with assurance at present strength levels. Parrish
showed that hydrazine was able to reduce crack growth rate by about an order of
magnitude even in 0.1 M sodium chloride solution. Furthermore, 2% by weight of

hydrazine added tv the electrolyte increased K c from 12 to 25 ksi Vinches.

Isc

Such an increase in KIscc is important since the critical flaw size varies as
(KISCC)2 and an increase in critical flaw size makes more likely the nondestruc-

tive detection of critical size flaws.
In the hydrazine inhibition mechanism, NOE is formed. This iIn turn controls
the crack tip electrode potential and pH so that hydrogen evolution in the crack

is prevented and a passive YFezo3 film is formed. The ultrasensitive hydrogen

detector of Das’ was used to determine the hydrogen concentration on (and near)

the fracture surface. The results confirmed that the inhibitor prevented
hydrogen entry at the crack tip. Unfortunately, hydrazine is an inconvenient
material for general usage, however, the results suggested that the direct use
of nitrite-containing-compounds instead of hydrazine may be appropriate. Preli-
minary experiments with sodium nitrite indicated that it was at least as
effective as hydrazine in lowering the crack growth rates for D6AC steel.
Aircraft parts made of high strength steels normally receive a mechanical

treatment such as shot-peening to leave the surface in a net compressive state

o Rt e 1
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of stress. Steel parts are then cadmium plated, given an epoxy primer and a
polyurethane topcoat. When inhibitors are incorporated, this is normally done
in a primer coat. One of the most important considerations in the selection

of an inhibitor is compatibility with the epoxy (or other primer) in compination
with an ability to inhibit or prevent corrosion (either general corrosion or
localized types of corrosion such as stress corrosion cracking, pitting, etc.).
Zinc chromate formulations have been most widely used. Water soluble inhibitors
(such as chromates) provide mobility in the inhibitor function. Unfortunately,
chrométes are toxic so care must be exercised in their use. In addition, as
shown by Parrish,l’2 in the presence of chlorides, chronates are not effective
in preventing hydrogen embrittlement of D6AC.

Commerical inhibitor formulations such as those used for cooling tower
circuits, automotive radiators, and so forth, normally are combinations of
several classes of inhibitor compounds some of which function as anodic
inhibitors, others as cathodic inhibitors. Commerical experience has shown
that such combinations often are more effective than inhibitors used separately.
In short, there seems to be evidence for "synergism."l0 Accordingly, tests
were conduct:ed]1 using a borax-nitrite-polvphosphate commercial formulation
(Calgon) in combination with chromate systems. Results from crack growth
measurements on D6AC in distilled water containing the multlfunctional inhibitor
showed that the crack growth rate was reduced by 1/2 an order of magnitude and

that Klscc was increased from 77 to 82 ksi vinches as compared to inhibited

formulations containing only chromates. This promising result from multifunctional

inhibitors was observed both in static tests and in cyclic corrosion fatigue

tests. This observation has led to the field testing of multifunctional inhibitors

in wash racks for afircraft by the Air Force.
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The highly encouraging results with D6AC steel led naturally to an interest
in determining whether similar salutary effects could be achieved by use of

inhibitors with other alloys of aerospace interest, notably 4340, 300M, HY180,
17-4 PH and HP 9-4-30,
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SECTION 3

EXPERIMENTAL

A research program was undertaken to try to find if there were an inhibitor
(or perhaps a small group of inhibitors) which would function favorably for all
of the above mentioned alloys.

The research was divided into several functional phases. Phase I included
the chemical and electrochemical-mechanical characterization of the candidate
alloys. Characterization also included the establishment of "base-~line" values
for initial hydrogen content. Concurrently with the conduct of Phase I,
specimens for fracture toughness experiments for use in Phase I1I were machined,
precracked and stored.

Phase II consisted of selecting promising inhibitor candidates from the
generic types shown in Table 1 and screening the list down to a few for detailed
testing. Over two hundred candidate materials were considered.

Phase III took the output of Phases I and II and applied the results to
compact tension fracture toughness specimens. The influence of the selected
inhibitor was assessed in terms of its influence on KIscc’ crack growth rate
and (final) hydrogen content at and near the fracture surface.

It was quickly evident as the screening process was undertaken that there
would be considerable advantage to having better, more scientifically based
methods of screening inhibitors. As a consequence, a subordinate effort was
carried on concurrently with this program in an effort to determine whether

other methods might hold promise for future research.
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CATHODIC

ANODIC

COMBINATIONS

FILM FORMERS

A

TABLE 1

INHIBITORS - COMPOUNDS

Polyphosphate Zinc Silicate

Orthophosphate Chromate Ferrocyanide

Polyphosphate-~Chromate
Polyphosphate-Ferrocyanide
Borax-Nitrite
Fluoride-Chromate
Benzoate-Nitrite

Silicate~-Chromate

Emulsified or Soluble 0ils
Octadecylamine
Long Chain Amines

Alcohols and Carboxylic Acids

Nitrite
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TABLE 2

CHEMICAL COMPOSITION

Alloy c Mn P S si Cy Ni Cu Mo Co

17-4 PH 0.036 0.49 0,022 0.016 0.63 15.69 4.32 3.50 - -

HP 9-4-30%* 0.310 0.29 0.001 0.007 0.06 1.10 7.88 0.28 1.08 4.50

4340 0.42 0.72 0.010 0.012 0.32 0.77 1.8 0.13 0.22 -

HY180 0.14 0.14 - - 0.09 2.0 10.0 - 1.2 14.4
*HP 9-4-30 -- Consumable Electrode Vacuum Melted

Y
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Alloy

17-4 PH

HP 9-4-30

4340

HY180

TABLE 3

MECHANICAL PROPERTIES OF COMPACT TENSION SPECIMENS

Yield Strength Ultimate Tensile Percent Hardness
Strength Elongation
(psi) (psi)
185,000 ' 200,000 5 Rca
207,800 246,000 15 Rca
210,000 256,100 1 Rc56
229,000 250,000 15.5 Rc49
9
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SECTION 3.1

PHASE I - CHARACTERIZATION OF TEST MATERIALS

The chemical compositions of the alloys used in the experimental program
are given in Table 2. Mechanical properties of these alloys are given in Table
3. The details of heat treatment are given in Appendix 1. The initial hydrogen
contents of the materials are given in Table 4. A description of the ultra-
sensitive hydrogen detector of Das is included in Appendix 2. The characteri-
zation process involved electrochemical potentiokinetic characterization in
the form of polarization curves and potential versus pH diagrams for each of
the alloys in 0.1 N chloride solutions at room temperature. .As indicated above,
each of the alloys was chara-terized as to initial (base-liné).hydrogen content.
At the completion of fracture toughness experiments, the saméles were re-analyzed
for hydrogen content at (or near) the fracrure surface. Read;idn product films
were analyzed by x-ray analysis and/»>r Auger electron spectroscopy as appropriate.
Potential pH diagrams (Pourbaix diagrams) were calculated fof each of the
constituents of each of the alloys and are included in Appendix 3. Superposition
of the Pourbaix diagram of elements which serve as constituents of individual
alloys often can provide i seful insights into the interpretation of corrosion
behavior. Experimental potential pH diagrams also were developed for each of the
alloys and are include& in Appendix 3. The apparatus and procedure for the
development of such diagrams is reported elsewhere.l2 Studies of occluded
cell behavior of these alloys were maﬁe using a test cell similar to that
developed by Efird.l3 As indicated by Efird, acidification is expected in
crevices where the bulk pH is above the "crevice protection potential." 1In these

cases where the final elactrode potential and pH within the occluded cell falls

11
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below the equilibrium hydrogen line, hydrogen charging is expected. Crevice
experiments with each of the alloys (4340, 300M, HY180, 17-4 PH and HP 9-4-30)

showed acidification within crevices.

SECTION 3.2

PHASE II - SELECTION OF INHIBITOR CANDIDATES

3.2.1. Crevice Tests ~ The screening of inhibitors of the types listed

in Table 1 proved to be a complex process and the strategy for accomplishing
the screening process required some revision as the research progressed. The
first step of the screening process involved the question of toxicity. If an
inhibitor species was obviously toxic based on literature informationl4 it

was eliminated from further consideration for this reason. Chromates, aniline
and arsenic additions are examples of inhibitors which were eliminated on this
basis. On the other hand, it was necessary to exercise some restraint since
to eliminate all materials which might conceivai .y be toxic under some special
circumstances could eliminate almost everything. Since specific guidelines on
toxicity were not available, qualitative judgments were used in the assessment i
of relative toxicity. Figure 1 shows a montage of types of specimen configurations

used in various portions of the research program. The first series of tests
involved the forﬁation of an artificial crevice made up of two metal pieces
Jjoined mechanically with the use of a plastic screw and nut, Figure 2. These
assemblies were exposed In plastic bottles in.acidic; neutral and alkaline
solutions with chlarides present, Figure 3. Parallel samples of eacﬁ test
alloy were exposed in each electrolyte with and without inhibitor additionms.

The inhibitor concentration followed the manufacturer's recommendation (if

12




Figuie 1. Configurations of test specimens employed in screening
and testing of effectiveness of inhibitor candidates.
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Figure 2.

Figure 3.

Artificial crevice samples made of two sheet samples
joined with a plastic bolt and nut. These samples
vere expused in plastic bottles containing inhibited
chloride solutions, Figure 3.

Specimens (see Figure 2) were exposed to uninhibited

and inhibited chloride solutions as part of the screening
process. Candidate inhibitors which caused crevice
corrosion werc eliminated at this stage.

14




there was one), or was selected from information in the corrosion literature.

A third level also was employed, this being one tenth the recommended concen-

tration level. Evaluation of these samples was by visual examination to see

whether or not crevice corrosion occurred. Inhibitor formulations which

stimulated crevice corrosion were dropped without further tests. It was observed

that the inhibitor effect varied with pH in a number of cases. For example,
4340 alloy in acidic solutions containing 0.1 N sodium silicate gsuffered
crevice corrosion and pitting in 7 days whereas in alkaline solutions of pH
12.9 this level of inhibitor appeared to be completely protective after 24
days. In neutral solution, the changes were primarily in visual appearance
(local darkeuing, etc.). Specimens of HP 9-4-30 in neutral and alkaline

solutions containing 0.1 N sodium nicrvite were free of pitting and crevice
corrosion. Several samples wore selected for Auger spectrographic analysis of
surface films., It soon bacame oﬁvious that time would not permit an initial
screening of each of the nearly 200 inhibitor formulations using bolted
crevice assemblies, so a revised procedure for initial screening was devised

to improve productivity. This led to the deveclopment of the so-called dip test.

3.2.2. Dip Test - One of the goals of this research was to select inhibitors

would réduce the danger of hydrogen emhrittlement of the test alloys. As
indicated above, in crevices and other occluded cells, hydrogen charging of the
specimens attended the acidification wﬁich occurs. Therefore, in order to combat
the tendency for hydrogen charging (and hence avoid hydrogen embrittlement), it
was postulated that a potentially useful inhibitor should cause the electrode

potential of the alloy to become more noble, or the pH of the electrolyte should

15
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Figure 4.

Test apparatus for the "dip test.'" The influence on
pH, electrode potential and current of progressively
larger add:tions of inhibitors to chloride solutions
was determined for candidate alloys. Refer to Table

16
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increase upon addition of the inhibitor, or both. In the dip test, specimens
(5/8" x 1/2") of each of the four alloys were mounted in metallographic mounting
material (cold mount) after soldering an electrical contact to the back of
each specimen., Specimens then were polished through a series of grits starting
with 240 and finishing with 600 grit silicon carbide. Polished specimens
then were carefully cleaned with the following cleaning procedure:

1. Rinse with tap water.

2, Wash with Alconox.

3. Rinse with distilled water.

4. Rinse with tetrachloroethane.

5. Wash with distilled water.

6. Rinse with acetone.

7. Blow dry in hot air.
Specimens then were exposed in a test cell shown in Figure 4. The pH of the
solution, electrode potential and corrosion current were monitored as a function
of time. Specimens were immersed in 500 ml. of Qxygen—saturated electrolyte.
The duration of each test was determined by how long it took an individual
reading to attain ''steady-state." Steady-state was assumed when the values of
pH, electrode potential or current remained constaint for a period of at least
an hour. After establishing a steady-state condition, inhibitors were added to
the solutions. Five ml. of a specific concentration of inhibitor were added at
a time and the pH, electrode potential and current were allowed to re-equilibrate
to new values. The process was then repeated making succéssive 5 ml. additions
until the final concentration was achieved. This process was performed for 63

alloy and inhibitor coucentrations and the results are listed in Table 5. These

17
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TABLE 5

RESULTS OF DIP TEST FOR SCREENING OF INHIBITOR CANDIDATES

No Go Go
Benzotriazole *
Benz‘midazole *
Pyridine *
Piperidine *
Thioglycolic Acid *
Thiogsemicarbazide *
1 - Butanedthiol . * ‘ - i
1-3 Propanediamine * I
2 - Propyn - 1 - ol *
Cyclohhexylamine *
Cyanoguanidine *
Triethylamine *
Diamylamine * ;
Triamylamine * 7
Crotonaldehyde _ * i
Piperazine * !
Sodium Silicate *
Sodium Nitrite ' *
Nalco 39L *
Nalco 41L *

18

P




e e e a—  w - ———— e ——————

ALISH3d
INHEND
301

e e s e WIS T " et ey

IAYND NOILVZI¥VI0d JIQONV QNV JIGOHIVD JILIVHIHIS "9 3NIId

(JOLIGIHND)
JA4NI I1QOHLYD

(YOLTEIHNT ON) 3AdNI
NOILINA3Y J1AOHIVI

(4OLIGIHNT OR)
JANMD NOTLVAIXO JICONV

(YOLIGIHNI)
JAYND J1A0NY

(=) A1V

cuouw

(+) 40N

NOTLVZIYVIOd HOILVAILIY

Ca
.”

e —— e i+ e

e e mn— it ——— ———T.

19

WIIN3LO0d
30041331




e~ v v . - -

P

are designated as "go" and "no go' depending on whether or not the electrode
potential and/or the pH moved in the desired direction. As indicated in

Table 3, three inhibitor candidates, piperidine, piperazine and a multifunc-
tional inhibitor, Nalco 39L*, appeared particularly promising. These materials -

were then subjected to linear polarization tests.

3.2.3. Linear Polarization Tests - Linear polarization tests were for

the purpose of verifying whether or not the addition of an inhibitor made a
change in the instantaneous corrosion rate. Such tests also provide evidence

as to whether or not the effectiveness of the inhibitor is most pronounced

at cathodic areas, anodic areas or over both anodic and cathodic areas. Figure
5 shows schematically the influence of inhibitors on the polarization resistance,
The greater the change in slope as compared to the uninhibited solution, the
more effective the inhibitor. If the change in slope is only on the anodic

leg of the curve, the inhibitor is an anodic inhibitor. If the slope is

changed only on the cathodic leg, the inhibitor is a cathodic inhibitor and

if the slope is increased on both the anodic and cathodic legs, the inhibitor

is one which influences the processes at both anodes and cathodes. The equipment
for making linear polarization tests is shown in Figure 6. Table 6 summarizes
the linear polarization data for the three successful inhibitors for each of

the four alloys under consideration. The top entries in each of the groupings
show the anodic and cathodic slopes for the alloy without an inhibitor. In each
case, the uninhibited solution was acidified to a pH of approximately 3 using

hydrochloric acid. This choice is in acknowledgement of the fact that if

*Trade name of Nalco Chemical Company.

20
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Figure 6.

Linear polarization apparatus used to determine ‘'polari-
zation resistance'" of candidate materials in various

inhibited aqueous chloride solutions at room temperature.
See Table 6.
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Alloy

4340
4340
4340

4340

HY180
HY180
HY180

HY180

17-4 PH
17-4 PH
17-4 PH

17-4 PH

HP 9-4-30
HP 9-4-30
HP 9-4-30

HP 9-4-30

T T T T e e T Y g e -

TABLE 6

Solution

Inhibitor

Nalco 39L
Piperidine

Piperazine

Nalco 39L
Piperidine

Piperazine

Nalco 39L
Piperidine

Piperazine

Nalco 39L
Piperidine

Piperaziue

pH

3.1
8.1
5.4
5.1

3.1
3.3
6.0

7.0

3.1

3.3

10.6

10.1

3.1
3.3
4.5
6.9

22
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LINEAR POLARIZATION DATA FROM INHIBITOR SCREENING TESTS

Shapes (E/I)

Anodic

105
115
133

123

125
-10526
10667

1333

7692
1010
12000

10526

1090
1710
1010

1143

Cathodic

105
123
133

121

125
10526
11048

1333

7500
1010
11000

10526

1077
1880

1090

Bl

-




acidification occurs in an occluded cell in the presence of chloride, the pH

is likely to be in this regime. Although the specific data showed consjiderable
spread for the various alloys, each of the inhibitors increased the polarization
resistance for each of the alloys for both the anodic and cathodic legs of the
curve. This indicates that each of these three inhibitors affects both anodic
and cathodic processes.

Initially, it was the plan to expose each of the alloys to each of the
successful inhibitor concentrations as stressed specimens to assess the cracking
propensities as a function of time. Inasmuch as such tests could take a very
long time (particularly if the inhibitors were effective) it was decided to
abandon this additional screening and proceed directly to tésting of compact

fracture toughness specimens in electrolytes with and without inhibitors.

SECTION 3.3

PHASE III - FRACTURE TOUGHNESS TESTS AND HYDROGEN ANALYSES

3.3.1. Fracture Toughness Tests - Compact tension specimens of 4340,

300M, 17-4 PH and HP 9-4-30, as shown in Figure 7, were used to determine
KIscc and crack growth rate in various environments. Bolt-loaded specimens
were employed in the tests at Univergity of Florida, since their use would
minimize equipment required while maximizing the obtaining of useful data,
Figure 9. Concurrent Klscc and crack growth rate studies were conducted at the
Boeing Company under the direction of Dr. K. B. Das using a modified creep
machine, Figure 10. A close~up of the test arrangement appears as Figure 11.

It was satisfying to observe that fracture toughness éata from these two

different methods of making measurements correlated well, Tables 7, 8 and 9.

Details of the fracinre toughness testing are included in Appendix 2.
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Figure 9.

Bolt-ioaded fracture toughness specimens exposed in

chloride solution were used in tests at University

of Florida to assess the influence of the inhibitors

on the crack growth rate, K and hydrogen content
Isce

of test alloys.
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Figure 10.

Equipment array employed at Boeing Aerospace Corporation
to conduct fracturs toughness studies.
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Figure 11.

3

Close-up of testing of fracture toughness specimen in
inhibited chloride solution at Boeing Aerospace Corporation.
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3.3.2, Hydrogen Analysis - It was the original plan to make hydrogen

analyses of exposed test specimens both at University of Florida and at Boeing

Company, so that a comparision could be made between the LECO Hydrogen Analyzer
and Dr. K. B. Dus' Ultrasensitive Hydrogen Analysis Apparatus. Unfortunately,

the LECO apparatus was unadaptable to the configuration of specimens at

University of Florida and full reliance had to be made on Dr. Das' apparatus

to determine hydrogen content, both of samples from the Boeing tests and from :

samples exposed at University of Florida. It is not surprising that samples

™ i

which had to be shipped from Gainesville to Seattle for analysis gave some
evidence of loss of hydrogen en route despite the fact that considerable
effort was made to minimize such loss through use of dry-ice packing and
insulated containers. The details of operations of the ultrasensitive

hydrogen detector are given ir Appendix 2.
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SECTION 4

RESULTS

Tables 7, 8 and 9 summarize the fracture toughness, crack growth rate and
hydrogen analysis data from Phase III of this investigation. The distribution
of test work gave greatest emphasis to alloy 4340 in an attempt to provide a

"bridge'" between alloys known to suffer hydrogen embrittlement damage and other

alloys thought to be less susceptible.

SECTION 4.1

ALLOYS 434C AND 300M (300M IS GﬁOUPED WITH 4340 BECAUSE IT IS COMPOSITIONALLY
EXCEEDINGLY CLOSE TO 4340 AND ITS BEHAVIOR PROVED TO BE ESSENTIALLY THE SAME.)

The effect of the inhibitors on the fracture toughness behavior in 0.1 M
chloride solutions is as follows. The polyfunctional inhibitor, Nalco 39L,
reauvces the'hydrogen content of the metal as compared to samples where no inhibitor
was present in the chloride solution. The hydrogen level at (or near) the frac-
ture surface was consistently lower for samples exposed to 39L than for piperidine
or piperaiine. Nalco 39L (at the concentration recommended by the manufacturef)
also decreases the crack groyth rate by about 1 order of magnitude. Increasing
the inhibitor concentratioﬂ increases hydrogen content monotonically without

materially changing K . Comparing the nil-chloride data with 0.1 M chloride

Iscc
data it 1is observed that chloride ion also increases the hydrogen content and
decreases KIscc' The crack growth rate for 4340 is slightly higher than that
for 300M in Nalco 39L. This inhibitor is most effective in the concentration

recommended by the manufacturer. 1If the concentration is too dilute, or too

concentrated, the effectiveness decreases significantly. The reduction in
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hydrogen content upon use of the inhibitor corresponds with the fact that the
electrode potential of 4340 (and 300M) exposed to Nalco 39L ie above the equi-
librium hydrogen line. Piperazine also reduces hydrogen entry at all concentration

levels tested in 0.1 M chloride solutions (but not to quite as low levels as

e e v~ - -

Nalco 39L). The range of inhibitor concentrations was from .01 M to 1.0 M.
The .01 M piperazine addition was insufficiert to retard crack growth rate or

to increase K c significantly as compared to samples in which no inhibitor

Isc
was added, thus the reduction of hydrogen apparently was insufficient to affect
these other criteria, Figure 11. By contrast, at 1.0 M concentration of

piperazine, the crack growth rate was reduced by 3 orders of magnitude to less

Iscc
solution to 61 for the inhibited solution.

|

!

r 6

} than 1 x 10~ inch per minute and K was increased from 10 for the uninhibited
|

Piperidine appears to take somewhat longer to provide effective inhibition
of 4340 in solutions in the range of .C1 M to 1.0 M in 0.1 M chloride solutions.
However, after its effect has been established, results are essentially the same
as for piperazine. That is to say, the .01 M piperidine reduces hydrogen entry

but does not reduce crack growth rate or increase KIscc but the 1.0 M solution

significantly reduces crack growth rate and increase K The detailed

Iscc’
r evidence in Table 9 indicates that the effects are slightly less than for
piperazine, Table 8. The results with 300M are similar. It is particularly

+ interesting to observe that for both piperazine and piperidine (both "blocking"
inhibitors) the hydrogen levels as determined at (or near) the fracture surface
of fracture toughness samples exposed tc 1.0 M add’tions of the inhibitor in

chloride solution were significantly higher than for the corresponding tests

using Nalco 39L. Nonetheéeless, piperazine and piperidine were both significantly

:r__.“_.
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more effective in inhibiting cracking of 4340 and 300M (alloys known to be especially
subject to hydrogen embrittlement) than was Nalco 39L. This leads to the

speculation that there may be hydrogen either coﬁbined or trapped in the surface

film which is prevented from entering the metal as a result of use of piper-

azine or piperidine. Further research will be necessary to elucidate the

mechanism involved here. Cathodic protection tests with 4340 in 39L indicate

that tﬁe crack growth rate can be arrested in 39L by the use of zinc anodes.

At e e b a1 b s

Thus, evidence is available that cracking of 4340 in sclutions containing chlorides %
and (highly concentrated) Nalco 39L may crack by active path corrosion rather

than by hydrogen embrittlement. Apparently the inhibitor prevents the hydrogen

charging of ¢~ ) even when cathodic protection is applicd sc¢ long as the level

of cathodic protection is modest. This implies that -in~ or possibtly aluminum

anodes could be useful whereas magnesium anodes shou: .ot be used. This is

15 who reporied that use of cathodic

consistent with work reported by Das et. al.
protection could be beneficial for such alloys., The fact that the mode of failure!
of 4340 and 3C"M may ° changed from hydrogen embrittlement to active path
corrosion by choice of the concentration of the inhibitor offers an unusual
opportunity to study the mechanisms involved.

Fractographs were : of compact fracture toughness specimens of 4340
alloy exposed to Nalco 39L of two concentrations of piperazine, .01 M and 1.0
M. Electron microscope replica pictuteﬁ of the fracture surfaces of specimens |
C4-27 and C4-34 appear as Figures 12 and 13. Both fractographs arebfrom the
slow crack growth (SCG} region. At the lower concentration of inhibitor, the

details of the fractograph reveal intergranular cleavage typical of hydrogen

embrittlement failure. By contrast, at the higher concentration tlie features

39
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Figure 12.

Replica of slow crack growth (SCG) reglon of specimen
c4-27, alloy 4340 exposed to 0.1 M chloride solution
containing 0.01 M piperazine. This level of inhibitor
did not increase KI cc and features of the fracture
surface shaw 1nterg§anular cleavage.

40
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Figure 13. Replica of slow crack growth (SCG) region of specimen
G4-34, 4340 alloy exposed to 0.1 M chloride solution
containing 1.0 M piperazine. Although hydrogen content
in the SCGC region was above base-line, ILE increased
to 61 ksi /inch and features of the fractGfé surface
shov conasjderable dimpled character as compared with

Figure 12.
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indicate quasi-cleavage and have considerable dimpled character indicating a
change in mode. The fractographa offer additional evidence that the mode of
failure is affected by the chemical environment for 4340.

Confirmation that a protective barrier film forms in the preseunce of
piperazine or piperidine is given by Figure 14. These samples were exposed
in 1.0 M piperazine and piperidine for a period of approximately a month and
then were allowed to stand in laboratory ambient air for another month before
the pictures were taken. Comparing these samples, it is clear that piperazine
provides a protective barrier coating (when present in sufficient concentration)

which retards corrosion.

SECTION 4.2

ALLOY HP 9-4-30

HP 9-4-30 ie a structural alloy of considerably lower strength than 4340
or 300M. The data contained in Table 7 shows that Nalco 3I9L is quite attractive
as an inhibitor for HP 9-4~30. As with other alloys, piperidine and piperazine

are not useful at low concentrations such as .0l M, howaver, at 1.0 M concentrations,

the crack growth rate is in the range of 10"6 inches per minute and Klscc E

3

increases to 55 or above with very low hydrogen in the samples. It would appear
that any of the 3 inhibitors would be suitable for this alloy provided the

concentration level was adequate.

L7
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Figure l4.

cq-2"7 C4-34

Comparison of the fracture surfaces of C4-27 and
C4-34 after approximarely one month exposure to
laboratory atmosphere reveal that 1.0 M piperazine
(specimen C4-34) leaves a protective barrier coating

of considerable persistance as shown by its freedom
from rusting.

P29
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SECTION 4.3

ALLOY 17-4 PH

This alloy is exceedingly sensitive to the presence of hydrogen and the
data in Table 7 agree with data of Das et. al.14 Even the dilute concentration
of Nalco 39L reduced hydrogen levels in 17-4 PH by approximately 50% and
raised the KIscc value approximately to KIc' Inasmuch as 17-4 PH is particularly
sensitive to hydrogen, an inhibitor which should be most successful with this
alloy would be one which minimizes the possibility of hydrogen entry. Nalco
39L would aprear to be somewhat preferable to the blocking inhibitors (piper-
idine and piperazine) for this ;lloy since use of Nalco 39L consistently
resulted in lowest hydrogen content. It is possible that the blocking inhibitors
could be manipulated by the addition of recombination catalysts to encourage

the formation of molzcular hydrogen at the surface, thereby preventing the

danger of entry. This, of course, would require considerable research.

SECTION 4.4

ALLOY HY180

This alloy was added late in the program on the basis that work would be
done on it insofar as time and resources permitted. As a corsequence, no data

are presenced for this alloy.
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SECTION 5

DISCUSSION OF RESULTS AND CONCLUSIONS

Starting with nearly 200 inhibitor formulations, a selection process has
been employed which narrowed the number of alternatives under consideration to
three. These were piperazine, piperidine and Nalco 39L. Each of these
inhibitors has successfully survived the go and n;-go tests referred to herein
as the dip test, and also show the proper change ip polarization resistance
suggesting that instantaneous corrosion rates are significantly reduced using
these formulations. Piperazine and piperidine appear to function as blocking
inhibitors and when available in sufficient concentration reduce the hydrogen
level, reduce the crack growth rate and increase the KIscc values for fracture
toughness specimens of each of the alloys tested. The numerical value of the
measured hydrogen content from fracture surfaces is higher for either piperidine
or piperazine than for Nalco 39L. It is postulated that this is the result
of a surface-effect possibly involving either chemical or mechanical attachmeat
of hydrogen to the passivating barrier film., The polyfunctional inhibitor
Nalco 39L reduces hydrugen .evels to the lowest value of the 3 inhibitors used
in fracture toughness tests., Apparently, Nalco 39L does not deposit a signi-
ficantly protective barrier film (as compared to the blocking inhibitors).

Nalco 39L is most effective at the concentration recommended by the manufacturer.

At lower concentrations it is not particularly effective and at higher concen-

trations crack growth rates actually increase apparently by a change in mechanism.

Fractographic evidence and response to cathodic protection suggests that at
higher concentrations the cracking is active path cracking rather than hydrogen

embrittlement, for alloy 4340 exposed to Nalco 39L. The ability to manipulate
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the mode of fracture by altering the concentration of this inhibitor offers
a unique opportunity to study the mechanism of hydrogen embrittlement and active

path corrosion.
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SECTION 6

NEW DIRECTIONS FOR RESEARCH

In the conduct of the current research it became evident that the process

of selecting inhibitor candidates could be improved if additional, scientifically-

based screening processes were developed. Concurrently with the present investi-
gation a number of preliminary studies Qere made in an attempt to develop
alternate screening wethods. Those which appeared to show particular promise

and deserve further development include the study of the influence of inhibitors
oin the NMR snift, the effect of wetability of the surface as measured by changes
in the contact anglev(as influenced by inhibitor additions), and the study of

the importance of"thé zeta potentlal using streaming potential apparatus.

Another type of experiment which should be considered is the stu&y of the

mechanism of inhibition by making use of cathodic protection as a tool to

iﬁvestiéate'the Qapnciby of aJsorbed-films to prevent hydtogen entry. As a
corollary to such studies_it,maﬁ‘he po;sible to incorporate a h}drogen recom~
biuation cataiyst in the'sttucfur; of ché'adsofbed film. The ability to control
the mode of crackirg of 4340 by varyiﬁg the eoncen;rafion 6{ Naico 39L offers

a unique opporturity to elucidste the mechanisms of hydrogen embrittlement

and active path corrosion.

Haitr316

has made use of "growth path envelope" techniques to analyze

the behavior of materials under conditions leading to pitting. Such an analysis
on materials exposed to inhibited versus wninhibited electrolytes could lead

to an assessment vf whether the inhibitor functions primsrily to reduce the
likelihood of initiatiom of pitting or whether its function is primarily one

ot chaoging the magnitude of the intensity of the corrosion process.

49




10.

11.

REFERENCES

P. A. Parrish, "The Retardation of Crack Propagation for High Strength
Low Alloy Steels in Aqueous Media by Addition of Oxidizing Inhibitors,"
Ph.D. Dissertation, University of Florida, June 1974.

P. A. Parrish, C. M. Chen and E. D. Verink, Jr., '"Retardation of Crack
Propagation for D6AC High Strength, Low-Alloy Steel in Aqueous Media by
Addition of Oxidizing Inhibitors," Stress Corrosion-New Approaches ASTM
STP 610 Amer. Soc. for Testing and Materials, 1976, pp. 189-198.

J. M. Johnson, "Use of the Experimental Potential-pH Diagram for D6AC
Steel to Interpret Its Corrosion Behavior in Aqueous Media," M.S. Thesis,
University of Florida, June 1974, included in Report Mo. AFML-TR-76-8,
February 1976.

M. Pourbaix, 1970 Corrosion Research Conference of NACE, Philadelphia,
March 2-4, 1970, and in a number of later literature citationa.

B. F. Brown, C. T. Fuju and E. F. Dahlberg, JECS, 116, 2, Feb. 1969, p. 218.
J. A. Smith, M. H, Peterson and B. F. Crown, Corrosion, 25, 12, Dec. 1970.
A. R. Troiano, TASM, 52, 54, 1960.

B. F. Brown, "Stress Corrosion Cracking and Related Phenomena in High
Strength Steels,” Naval Research Laboratory Report 6041, Nov. 6, 1963.

K. B. Das, "An Ultrasensitive Hydrogen Detector,” ASTM STP 543, 1974,

pp. 106-123.

J, 1. Bregman, Corrosion Inhibitors, MacMillan Company, New York, 1963.
C.'T. Lynch, K. J. Bhasoali and P. A. Parrish, "Inhibition of Crack
Propagation of High Strenéth Steel Through Single and Multifunctional

Inhibitors," Report No. AFML-TR-=76-120, August 1976.

50

e we S

e




v - ey T

Lo

12.

13.

14'

15.

16.

17‘

E. D. Verink, Jr. and M. Pourbaix, "Use of Electrochemical Hysteresis
Techniques in Developing Alloys for Saline Exposures,' Corrosion, 27,
12, December 1971.

K. D. Efird and E. D. Verink, Jr., "The Crevice Protection Potential

for 90-10 Copper Nickel," Corrosion, 33, 9, September 1977.

N. I. Sax, Dangerous Properties of Industrial Materials, 2nd Ed.,

Reinhold Publishing Corporation, New York, 1963.

K. B, Das, W. G. Smith, R. W. Finger and J. N. Masters, ''Hydrogen
Embrittlement of Cathodically Protected 15-5 pH Stainless Steel,"
Presented at the Second International Congress on Hydrogen in Metals,
Paris, France, June 6-11, 1977.

S. Maitra, "Initiation and Propagation of Pits on Aluminum," Ph.D.
Dissertation, University of Florida, June 1974.

L. Raymcnd, Effects of Chemical Environment on Fracture Processes,

Proceedings of Third Tewksbury Symposium on Fracture, pp. 159-169,
C. S. Osborne and R. C. Gifkins, Editors, The Faculty of Engineering,

Melbourne, Australia, June 4-6, 1974,

51

Badaintion




APPENDIX A

Heat treatment of fracture toughness specimens was in accordance with,

ey

and extracted from, the following Boeing Aircraft Company specifications:
f
Heat Treatment
Material Specifications
4340 BAC 5617
300M "
HP 9-4-30 "
17-4 PH BAC 5619
52
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Excerpted from BAC Specification 5617

6.2.1

6.2 2PROCERS CONTIOL REGUIRINPCS

TIMPERATURE REQUIRPMENTS FOR HEAT TREATING PROCESSES
Select the correst temperature for the nqnind process froam Table V.

TANLE V ,
TLMPERATURE REQUIREMENTS FOR VARTOUS NEAT TREATING PROCESSES FUR DESIGRATED STEELS

REV. (8} 10-8-44 (E) 11-3-70 {K) ¥0-26-76

Winimus Tempering Te -K:ntuu oF
Temperature °F (1> for 'un-n. Strength Range Shown (2O
Steel Type |Subcritical |Normalize | Harden 128-14% [150-170 160 ll0 189-2 200-220 | 220-240
Anneal Ks1 KS1 ksl XSl KS1
Re 27-33 {Re 34-38 | Re 36-60 Re 40-43 | Re 43-46 | Rc 46-48
4130, 8630 1250-1300 1600-1700 {1550-1600 1050 00 800 728
64135, 8735 1250-1300 1600-1700 [1550-1600 1100 925 823 750
4137, 4037 1225-127S 1600-1700 |1550-1600 1100 950 823 750 .
4140, 8740 [1225-1275 | 1600-1675 [1325-1575{ 1100 1000 923 830 725
4340 1225-1278 1600-1650 }1500-1550 1100 1023 925 875 725
oans 3122y |1225-1275  |1650-1700 [1550-1600 1050 950 850 675 500
AMS 6407 1225-1275% 1650-1700 |1550-1600 1050 915 023 650 500
43354 1225-1275 1625-1675 [1530-1623 1125 1023 950 :
6150 (Y>> 1225-1275 1600-1650 {1550-1600 9350 800 700 |
1065 1070(1°p1225-1275 1550-1650 (1450-1525 930 725 675
|§ > 1225-1275 1500-1600 [1450-1523 930 800 | 700 .
t.uo —
AMS6414 |
"lei ;-2360 1225-1275 1600-1650 11500-1350 || Double tauper at 400 sninimm for 260-)80 KSI i
MIL-5-8844 B
43408 1250-1300 1625-1700 |1575-1625 || Double temper at 575 for either 270-300 X8I or 275-300 KSI. T
1;;. tempering facility shall Le set at a tempersture of
5Cr-1. Mo 1375-1423 > 1825-1875 || See $.2.6.3 for Tempering.
52100 1225-1278 1600-1700 |1500-1550 || YTamper at 330 minimum for Rockwell C 60-63
Mn-3i-N1 1175-1225 1673-1725 |1575-1625 :
M1L-5-7108 &>
AMB6418
9Ni-4Co~.20C| 1100-1300 1625-1675 [1525-1575 || Deuble temper at i025-1073% for 190 KSI minimm (>
(35 7-182, 0
Type 1IV)
1-4Co 1100-1300 | 1675-1725 |1300-1350 ||Doudble temper at 1000 for 220 Tmﬁﬁtm
(BM8 7-182, 0> feeility shall be set st a temperature of 1630
Type 11)
D6AC 1225-1273 1700-1750 [1675-1725 ||Sae 6.2.7 for 195-220 K81, Rockwell C 42-46.
no( 77
- ‘l.’
ORIGINAL 1$SUL

B 5a0s 0 008 tiyee
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Excerpted from BAC Specification 5617

6.2.1 (Continued) ~

g

The maximum difference in temperaturs between the control instrument setting and all
points within the working zone of the furnace is + 25 F. The control instrument shall
therefore be set st & tewpcrature which will ensure that all points in the working

. . zone are within the temperature range specified.

0

o 9 0080

=

6.2.2 TIME REQUIRBMENTS !Ol HRAT TREATING PROCESSES
Select the appropriate time for the required process from Table VI,

The temperatures shown except for INi-4Co (BMS 7-182, Type I1) and 43A0M are the winimum
temperature control instrument settings sllowed for the specific steel and strength range
shown. 1t will usually be necessary to compensate for size effects and variation in
composition of individual heats of steel. In general, a tempering temperature
approximately 50 ¥ higher than the minisum shown will be necessary to achieve the
required tensile strength.

Por Spring temper Rc 43-A7, tempar at 725F to 900P. :
Yor Spring temper Rc A0-A6, temper at 700P to 80OP. ' i
Normalising process not applicable to 50r-1.3o material.

Hold for 15-20 hours. Por best machinsbility heat at 1360-1380F for a time sufficient
to insure through heating, eool at 50P per hour to 1100F, air cool to room temperatare,
rehsat to 1175 to 1225F for 15 to 20 hours and air cool. )

225-2;3 K5I minimum 600P
230-250 KSI minimum L4
235-285 KSI ainimum

Nold at -100P or colder prior to any tempering operations. The soak time degins aft:ir '
the cooling faeility has rscovered to the specified temperature. If the parts are

© tmmersed in 11quid ecoling medium (1.e., asetone, alcohol, trichloroethylene), soak
15 minutes minimum for section thicknesses up to 0.50 inches and add 15 minutes for
each additional 0.01 ~ 0.%0 increment of thickness. If parts are cooled in a gaseous
wedium (4.¢., air, nitrogen) soak 30 minutes minimum for thicknesses up to.0.50 inchas
and add 30 minutes for each additional 0.01 - 0.50 inch increment of thickness. Gaseous
cooling mediug. is preferred over liguid ¢ooling medium becauss the former reduces the
danger of cracking dus to a slower rate of cooling.

A doudble suberitical anneal treatment 1s required to obtain a hardness not greater
than BHN 341 or equivalent. Conduct the first subcritical anneal at 1250-1300P
and the second suberitical anneal at 1100-1150p.

TABLE VI

MINDIUM TIME REQUIRAEMENTS POR VARIOUS HEAT TREATING
PROC BASED ON SECTION MCY.II%:“ TYPE OF
LEVEL

N I

REV. (B) 10-8-64 (D) 3-1-467 (B) 11-3-70 (K) 10-26-7¢

FURNACE, TYPE OP STEKL AND STREN ;
Section Minimum Heating Time In Minutes Mininum Neating Time In Hours for Tempering :
Thickness | For Normalising or Harduni or Sulnu:tul Annealing (DO '
In Inches |y nosphere Purnash  Salt Bath | Ciroulating Air Purnsce Salt Beth :
5Cr- 5Cr-1.3M0 to | 220-200 | Oy t 220-280
»®) EB B° 4 K81 | 240 K81 "m 1|kt m'ux
: (v s o 3
> i
Up %0 0.100]| 20 20 1 1 1-1/2 | *-1/® 1- 1 /e !
0.101-0.250 :g 20 1 13 1-1/2 |[2-1/2 g 1-5: :v’g :b'; F
0.2%1-0.%00 20 33 20 1-1/¢ 172 1-1/78 e |22
0.501-1.06 | 60 30 20 3 1-1/2 |23/ |3 ]
1.00 -1.% | 75 30 As 20 2-1/8 ~1/8 A-1/2 | x-1/0 2-3/4 ~1/8
AR (| OB |2 B |EA (HA L. EA (D |HA
2.9 -3.% | 1% 60 » 3 4 2 an (T
Time For 3 Inches Plus Indieated Time for Eash Additional Malf Ineh
Over -3.00 | 15 | 7112 | s [ s Laa Taa T w2 Tae T T IA J
5617
5S4 _ raGE & |
omiginaL issue X660
(R o Y 1 Yr7™=
Q.- - T - ° *_ 3
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{x) 10-2¢-7¢

(3) 10-8-64 (€) 12-14-865 (D) )-1-67 (B) 11-3-T0

REv.

Excerpted from BAC Specification 5617

6.2.2 {Continued)

IO A complex part may be consideresd as being somprised of g geries of blockas; each block
having a given length, width, and thiskness (smallest dimension). Define seetion
thiciness a8 the largest thielkness in this series of bdlocks - for single layer loading.
For multilayer loading ths thickness shall be defined as tha smalleat of the three
dimsnsions and the maximum of this dimension used for section thickness. I1f

straightening fixtures are used during tempering, consider the section thicineas of
the fixture in addition to that of the part.

Por air furnaces, heating time (scak period) begina when the soldest work mone recordsr
thersosouple reading reaches the minisum of the heat-treating range after imsertion of
the load. PFor salt baths or lead baths, time begins when the control temparature
returng to the minimum of the heat-treating range being used,

This column applicable to all materials and heat-treat ranges exzept hardening of
5Cr~1.3M0. This gcolumn is 2150 applicable to preheating or suberitisal annealing
of 5Cr-1.3Mo steel at 1450F or tn:uudnto hest-treat at 1650P.

This eolusn also applicable to preheating of 5Cr-1.3Mo at 1200P.

This colusn applicable to subcritical annealing.

For copper plated parts incresse minimum heating time by 50 peraent,

The following curve say be used for determination of tempering timea on A3A0N steel
parts. .

5668 8 B

T - - —

1 2 3 A
DIAMETER OR THICKNESS - INCMES
6.2.3 SUBCRITICAL ANNRALING

6.2.3.1 -Oenera}

a. :;:pontm and time requirements for suberitical annesiing

are
VI. At the sonclusion of the heating pericd rvmove the parts froa the furntce and
eo0l in still air. ' .

b. As esmbustible atacspheres containing sannot safely be used at
below 1300P, suberitical annesling should ordinarily be condusted in air and the seale
removed by piekling or meshanical sleaning. Vhere ssale prodused sannot bde
spesial -ngu. such as using an inert atscsphers or s plat of copper 0.0008 inches
minisus thiekness according to BAC 5796, Type III may be applisadle. Oonsult the
Materials Teshnology Organisation for speeific applications.

R
BAC
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(A) 11-4-63 (8) 6-19-6k (B}

REV

Excerpted from BAC Specificatinn 5617

6.2.3.2 2ybgritieal Annealing Anclisation

a. Subsriticsl annealing say bde used for the fellowing:
(1) Annealing between ferming operatiems.
(2) Stress rellef price to Mardening for the removel of maelining er foruing atresses.
(3; Ncmoval of prier heat treatment Whers ROSSSSATY IR reverkt of exsestively warped parts.

b. Suberitical Anneal 1is required o % ) of 1ised
hardenabiliny om‘l?m u'tsho. 398, m. :”sl. 1-= ond 9Ns-80e.
Pollowing nermalising,8ir ceel the parts %o apprecimetely 1560F seximusi, and then
subcritical arneal wi e heur.
Noter 1f hardening is t0 follow immediately After norwalising,

suberitical anneal may be omitted by preheating parts

at the suberitisal annheal m fer g timm sufficient
to insure through-heating, %o the hardening

BAC
3617 |

Excerpted from BAC Specification 5619

6.4.2 PROCESS RBQUIRENENTS FOR THE HEAT TREATMENT OF 17-7PM

6.5.2.1  Annealing to Conditicn A
a. Reannealing 1s required only for the following.

(1) Parts fusion walded in the annealed eondition.

(2) Rework of previcusly heat-treated parts.

(3) Parts for which the time limit for trensforwation has been ezceeded.

ragt 9 .
omGinaL 1ssue _ 1-6-60
B MU B $iree %
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Excerpted from BAC Specification 5619

6.4.2,1 (Continued)
b. Reanneal as needed for: .
(1) T™he removal of 00ld work between foraing operations.
(2) The control f distortion during heat treatment.
0. Where required, anneal as follows:
(1) Charge cold part into a furnace at 1985 - 197SP.

(2) mMold for 3 minutes minimum to 7 minutes saxisum per 0.1 ineh sestisn thiskness
or fraction thereof, but not less than 3 mimutes.

(3) Remove from the furmace and ¢ool in still air. Cool to belowm 1200F within
30 minutes after removal from the furnace.

6.8.2.2 Removal of Annealing Moale

After final annealing and prior to austenite econditioning descale parts annealed
during fabrieation in sccordance with BAC S7S1.

6.5.2.3 austenits Conditioning
a. Austenite condition by hesting the material at 1375-1425PF for 90 minutes.
b, Alr cool to 212F maximum prier to transfarmation treataent.

6.4.2.8  Trppeformation to Conditien T

a. Transformation shall be gsocomplished mulm the parts helew 6OF within ane heur
after removal from the 133« furnace. parts shall be maintained below this
teaperature for not less thah 30 minutes.

b, Parts may be straightsned during eooling from the 1400P susterite eonditioning
treatment. Transformation to a martensitic structure acc 10d by growth of tis
material and decreased ductility begine at a imgtely . Vhere due to
straightening operetions, the one hour time limit for attaining GOF cannot be met,
cool the parts within 72 hours, to minus 20P & 10PF for 3 hours prier ts presipitation
hardening.

6.54.2.5 Remov Condition T Seale

After transformation tresatment to Condition T and before precipitation hardening to
Conditions TH1060 or TH1110, resove scale resulting from austenits conditioning at 1400P
in sccordance with BAC 5751.

Option: If protective coating is used on the part, scale resulting frem the 1200PF
austenite conditioning may be removed after TH Nardening taent.

'?; When heat-treat scale can be gompletely removed tonon: hardening, scale resulting from
a the 1400F Austenite conditioning treataent may be after hardening.
~| 6.4.2.6 Jot Straishtening During Preeipitation Nardening
E Streightening may be accomplished by the use of special fixtures during Preeipitation
4 Rardening to Condition TH1060 or TH111O.
3 6.4.2.7 Precinitatiop Nardening to Conditien TNIO60 or TW1110
- a. Precipitation harden to Condition THI060 (180-200 KSI, R.A0-A43) by hesting parts to
- 1050-1080F for 90 minutes and air cool,
e b, Pml;iuuon harden to Condition TH1110 (150-170 KBI, R 34-38) by hesting the parts te
1100-1120F for 0 minutes and air coel.
i e. Reheat-treat parts having harness in excess of the specified sazimua fer an sdditional
% 90 minutes at a higher temperature te odlain the red hardness. A ineresse ia
o u-prﬁw of 10F will result in & decrsase in of one Ry psiat. Do net rehsst
2 above .
()
<
]
-
-
: PP . —————
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Excerpted from BAC Specification 5619

6.4.2.7

6.4.2.8

6.4.2.9

6.4.2.20

6.4.2.12

(continued)
4. Parts having hardansss 1cos than the speceified ainiavn aag be reveried as follews:
(1) hru h.v\vw 'Y nsgcu (14 op to one Ry duuua less tham the omlﬂu ainious

910F for 30 mimutes to recover the Tequired strength
(2) Where the treatment deserided above 18 inadequate, Treanneel at 1950PF 19
required prisr to reprosess lh u-na uuu ture
uay e reduced ru-tun u- t 1n me instanse shall the inttial
teaperqature be lo6e Shaa
Nemoval of Oenditien T 3aale
Remove all treses of heat treatmant seale im aecordance with BAC 5TS1.

4

Heat treatasnt to Condition RN9S0 shall e aceomplished in acecrdange with the requirements
of 6.4.3.3 - 6.4.3.7 inclusive exeopt heat treated proparties shall be as followe:

Thiskness Toasl Rardness
W) {Rad) o )
0.001% - 0.10Th 210 - 2% ah - A7
0.‘""0.6& 200 - 200 a3 - M6

Pracinitation Mardaniag te Cenditism CRIOO (Re % Niniewm)

Presipitation harden to Conditien CN900 My heating tln 890 - 910PF for 60 minutes
and air ceol. (Starting material mest bc purchased mun c).

Bempval of Corditien CNSQO Seale

Remove all treses of heat treatment seale in scoordance with BAC S7S1.

‘ Sélg
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APPENDIX B

ULTRASENSITIVE HYDROGEN DETECTION SYSTEM

Hydrogen Analysis System

A general view of the Ultrasensitive Hydrogen Detector appears as Figure 15.
A schematic of the hydrogen detector is shown in Figure 16. The system essen-
tially consists of an airtight specimen holder which is placed inside the work
coil of an induction heater for the purpose of extracting hydrogen from the
test specimen, a micro-quantitative gas metering system or MGM system, a
semi-permeable membrane (from here on referred to as SPM), a vac-ion pump, and
a source of high purity argon gas. Hydrogen present as water, organic material
as well as elemental, is released from a metal by heating the metal. The
hydrogen thus liberated is directed toward the activated SPM hy the flowing
argon gas (carrier gas). The SPM lets only hydrogen permeate through it while
remaining impermeable to other gases. On the other side of the SPM is a contin-
uously pumped high vacuum chamber (ion-pump housing). Thus, the SPM has a
high vacuum on one side and about one atmosphere pressure on the other.

The pressure in the 1on-pulp chamber is measured by monitoring the ion-
current through the pump. Once the chamber is pumped down to its base vacuum,
any permeation of hydrogen through the SPM will result in an increase in the
ion-current reading as seen by the ion-pump. An increase in the ion-current
reading is therefore directly proportional to the amount of hydrogen in the
carrier gas stream. Thus, if the detector readout is calibrated by introducing

known amounts of hydrogen in the vacuum system, thereby establishing a relation-
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ship between the concentration of hydrogen in the gas stream and the ion-current
readings, one can easily estimate the amount of hydrogen in the gas stream from
an unknown source. In the present case the detector is calibrated by introducing
known amounts of hydrogen in the vacuum chamber by the MGM syégem, and a
relationship is established between the concentration of hydrogen in the gas

stream and the ion-current readings. Such a calibration procedure also provides

a check for the linearity of the detector and gives a measure of its seneitivity;_

The sensitivity of the detector depends upon the fiow—rate of the carrier gas,
and the temperature of the SPM. Thus, in order to maintain the samelpétmeation
efficiency for hydrogen from the MGM system and the test specimen it is essential
to keep these parameters constant.

For bulk hydrogen analysis the experimental approach essentiallv consists
of extracting hydrogen from the test specimens using an induction furnace and
then measuring the amount of hydrogen thﬁs extracted with the hydrogen detector.
Hydrogen, after permeattng_through the SPM, arrives in the detector housing
where it is detected by an appropriate sensing element and an instantaneous
electrical signgl representative of the amount of hydrogen present is recorded.
In practice when the specimen is heated, the ﬁime for complete extraction of
hydrogen depends upon the rate at which hydrogen diffuses out of the specimen.
This rate of diffusion is proportional to the temperature of the specimen and
as such the time required for complete extraction of hydrogen depends on how
rapidly the temperature of the specimen is raised. In the case of Sulk hydrogen
analyéis the instantaneous hydrogen signal generally tcraces out a Maxwellian
type of curve represenﬁing cuomplete extraction of hydrogen from the test specimen.

When this curve is integrated electronically {t results in an S-shaped curve
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giving é Airect numerical value for the area under the Maxwellian curve.
The design of the system 15 such that not all the hydrogen directed toward
the SPM goues through the detector. Moreover, the diffusion of hydrogen through
SPM itself is a time dependent procesé. When using an induction furnace, such
factors are eliminatedlby following a special operating technique. Here the
sgmple is ﬁeated to its melting point in a programmed manner and held at this i
temperature until complete extraction of hyafogen is accdﬁplished. Both the t
instantaneous and integrated hydrogen signals are recorded as a function of time. f
Following the hydrogen extraction, at the same carrier gas flow-rate (dv/dt)Ar,
a known amount of hydrogen is introduced into the gas stream from the MGM system
for a precisely known time At. The MGM system consists of a pinchéd capillary
tubing with one of it§ ends conne;ted to the carrier gas channel and the other
connected to a high purity hydrogen bottle, a low pressure gas regulator, and
gas bleed-off system. By regulating the hydrogen gas pressure, varying amounts
of hydrogen can be introduced into the carrier gas stream. The rate of hydrogen
gas flow through the pinched capillary is determined by connecting it to a
glass capillary tubing (of precisely known dimensions) containing a little slug
of mercury. From the knowledge of the area of cross-section of the glass
capillary and the time taken for the mercury column to move a given distance,
the rate (d‘v’/dt.)H is computed. The ratio of (dV/dt)H and (dV/dt)Ar then gives
a measure of ppm of hydrogen in the carrier gas stream. It should be noted

that (dv/dt)H=10cc-4/ n is much smaller than (dV/dt)At=100cc/nin. Furthermore,

mi
the product of (dV/dt),, At, and density of hydrogen "p"u gives the amount of
hydrogen M, in grams, introduced into the gas stream in time At. The units of

the integrated signal are coulombs. Thus, if the integrated signal from the known
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hydrogen input Ml (grams) and the test sample are Q1 and Q2 coulombs respectively,
the amount of hydrogen M2 (grams) from the test sample can be calculated from
the relation MZ = (QZ/Ql)Ml.

To further illustrate the method of analysis an example of a (certified)
NBS sémple is given here which has a known hydrogen concentration of 32 * 2
ppm. After pumping the detector housing down to its base level a carrier gas
flow-rate of 50 cc/min was chosen for the eiperiment. Thereafter, hydrégen
was extracted from the NBS sample by heating the specimen in the induction
furnace. The time for complete extraction from this sample, which weighed
0.1847 gms, was about 16 minutes. The integrated hydrogen signai gave a
value of 190400 microcoulombs, Thereafter, by appropriately regulating the
hydrogen gas pressure on the MGM system and maintaining the same carrier gas
flow-rate of 50 ce/min, hydrogen was introduced into the argon gas stream at
the rate of 19.05 x 10“3 ce/min for 4.0 minutes. In other words, in 4 minutes,
6.38 x 10"6 grams of hydrogen was introduced into the gas streaﬁ. This gave

an integrated hydrogen signal of 207000 microcoulombs. Using the relation

207000 x 10~% coul _ 190400 x 1078 coul
5.38 x 107°

X grams

or X = 5,869 x 10—6 grams,
the total bulk hydrogen in the NBS sample was found to be 5.869 x 10-6 grams .
Dividing X by the weight of the sample gives the level of hydrogen in ppm by
weight which in this case was 31.78. This value, ac can be seen, is well
within the uncertainty limits of the NBS sample.

In the present program the test specimens were¢ analyzed for hydrogen

content in an identical manner as described above for the NBS specimen. A
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typical curve for the hydrogen analysis of a NBS standard containing 215 * 6
ppm hydrogen is shown in Figure 17. During the course of this experimental
orogram certified NBS samples containing 32 £ 2 ppm or 98 * 5 ppm of hydrogen
were analyzed at a schedule of one per week to cross-check the detector's
performance and accuracy.

Figure 18 shows schematically the manner of sampiing fracture toughness
specimens for determination of hydrogen content at (or near) the fracture
surface. Hydrogen determinations reported in Tables 7, 8 and 9 were made

using this technique.
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HYDROGEN DETECTOR S RESPONSE (uA)

Figure 17. Hydrogen analysis of NBS Standard No. 354 containing

R m‘m

INTEGRATED SIGNAL s

INSTANTANEOUS SIGNAL

N

SIGNAL FROM oes®’ SIGNAL FROM NS
HYDROGEN STANDARD CONTAINING
GENERATOR SYSTEM 216 £ 6 PPM HYOROGEN

TIME (MINUTES) -——

215 * 6 ppm hydrogen.

i
}
i

66




- v -

i ey v - — gy —— -

} Figure 18.

SPECIMEN # C 4 -3

NOTCH

FATIGUE PRE-CRACK

' / OVERLOAD REGION

"4 -
(2:69)

4340 STEEL

Schematic representation of manner of sampling fracture
surfaces for hydrogen determination at (or near) the
fracture surface ugsing the Ultrasensitive Hydrogen
Detector of Das to obtain data for Tables 7, 8 and 9.
Figuree in parentheses show hydrogen content. This
sample was exposed in 0.1 M chloride solution containing
0.01 M piperazine, a concentration of inhibitor too low
to be cffective. Note hydrogen concentration in slow
crack growth (SCG) region and ijust ahead of the advan-
cing crack are highest.
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APPENDIX C

EXPERIMENTAL POTENTIAL VERSUS PH DIAGRAMS FOR TEST ALLOYS

Electrochemical hysteresis m;thods were used to construct potential
versus pH diagrams for each of the alloys tested. The electrolyte in each
case was 0.1 M NaCl. The details of the technique are reported elsewhere.
Diagrams are shown for 4340, 17-4 PH, HP 9-4-30 and HY180. Because of the

similarity between alloys 4340 and 300M, no separate diagram for 300M was

constructed.

68




- - — -

T W T

daduimdibnn,

Figure 19. Experimental potential versus pH diagram fcr alloy
-~ 4340 in 0.1 M NaCl solution. Because of the compo- :
sitional similarity between 4340 and 300M this diagram :

is considered to apply to 300M as well.
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Figure 20.

Experimental potential versus pR diagram for alloy 17-4
PH in 0.1 M NaCl solution. The passive region is

considerably more extensive for 17-4 PH than for 4340
or 300M.
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Figure 21.

Experimental potential versus pH diagram for alloy
HP 9-4-30 in 0.1 M NaCl solution. This alloy showed
considerable tendency to pit, e.g., the passive
region was extremely narrow.
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Figure 22.

Cxperimental potential versus pH didgram for alloy
HY180 in 0.1 M NaCl solution. Many features of the
diagram fcr HY180 are similar to 4340 although the

active corrosion region is considerably more extensive
for HY180.
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CORROSION CURRENTS AT VARIOUS ELECTRODE POTENTIALS AS A FUNCTINN OF PH

TABLE 10

ALLOY 4340 IN 0.1 M NaCl

Logarithm of
Anodic Current

pH Potential Dengity (amps/cm’)
-0.500 -6
1.35 -0.490 -4
-0.400 -2
-0.500 -6
2.12 -0.495 -4
-0.310 -2
-0.525 -6
3.0 -0.510 -4
-0.240 -2
-0.580 -6
4.0 -0.550 =4
-0.200 -2
-0.600 -6
5.0 -0.570 -4
0.0 -2
-0.660 -6
6.22 -0.610 -4
+0.060 -2
-0.710 -6
6.8 -0.620 -4
+0.060 -2
-0.760 -6
8.08 -0.670 -4
—— -2
-0.640 -6
10.2 -— -4
- -2
-0.190 -6
11.0 ~-0.130 =4
—00010 -2
-0.220 -6
12.0 -0.190 -4
13.3 ~0.700 ~6




CORROSION CURRENTS AT VARIOUS ELECTRODE POTENTIALS AS A FUNCTION OF PH

TABLE 11

ALLOY 9-4-30 IN 0.1 M NaCl

Logarithm of
Anodic Current

pH Potential Density (amps/cm”)
-0.750 -6
10;0 -— "10
— -2
-0.720 -6
9.0 — -4
— -2
-0.685 -6
8.5 -— -4
_— -2
-0.660 -6
8.0 - "'l'
—-— -2
-0.630 -6
7.0 —— =4
—-_—— -2
-0.590 -6
6.0 -0.430 -4
-— -2
-0.520 -6
5.0 -0.420 -4
~——— -2
-0.520 -6
4.0 -0.400 -4
— - 2
-0.520 -6
3.0 -0.480 ~4
0-0 "2
2.0 -0.400 ~4
v 40,150 ~2




CORROSION CURRENTS AT VARIOUS ELECTRODE POTENTIALS AS A FUNCTION OF PH

TABLE 12

ALLOY HY180 IN 0.1 M NaCl

Logarithm of
Anodic Current

pH Potential Density (amps/cm”)

-0.415 -6

2.0 -0.390 -4
-0.110 -2

~0.360 -6

1.35 -0.340 ~4
-0.180 -2

-0.470 -6

4.0 -0.410 =4
+0.080 -2

-0.490 -6

5.0 ~0.420 -4
+0.050 N -2

~0. 600 -6

6.0 -0.520 j -4
+0.030 v =2

Y

-0.610 -6

7.0 -0.500 ~4
+0.100 -2

-0.690 -6

8.3 -0.580 =4
+0.360 -2

-0.730 -6

9.2 -0.620 Vo4
—_— n =2

-0.810 ~6

9.9 -—- -4
——— -2

-0.870 -6

11.1 ~0.240 -4
-— -2

-0.960 v =6

12.0 -0.060 N -4
— -2

-00040 '6

13.0 +0.030 -4
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APPENDIX D

EESCC AND CRACK GROWTEH RATE STUDIES

Compact tension specimens of 4340, 300M, 17-4 PH and HP 9-4-30 alloys,

as shown in Figure 7, were used to determine the K and crack growth rates

Iscc
in various enviroments. The specimen geometry corresponded with ASTM require-
ments (E399—7dT, "Tentative Method of Test for Plane-Strain-Fracture Toughness
of Merallic Materials") for plane strain conditions. The stress intensity
factor for such specimens can be obtained from the following equation:

a,3/2 5/2

. /2 [, .,a,1/2 a
K P,/ (BW) L29'6(W) - 185.5()

a
1 + 655'7(w)

- 1017.0(3)7/2 + 638.9(‘3‘)9/ﬂ

where P = candidate load, B = specimen thickness, W = specimen width, and a =
crack length. The subscript "I" denotes candidate values of P and K which are
subject to size ratio analysis. In order that the test specimens conform to
plane-strain conditiorns, the ASTM method requires that both B and a satisfy

the following size ratio criteria:

. K
B and a > (-.1-.—1—--)2
ys

where Tys = tensile yield strength. If these criteris are met, then KI is a

valid stress intensity value, K for the specimen.

Ic’

A stressing frame incorporated in a creep machine, as shown in Figure 10,

was used to laterally stress the specimens., Lateral stressing was used to

facilitate the immersion of the specimens in a polyethylene or a plexiglass cell

containing the test snlution. The loading was accomplished by hydraulic

actuators which provided a mechanical advantage of 1:200.
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An EDI double cantilever displacement clip gage was used in conjunction
with compliance curves to measure the crack length. The compliance curves were
established by applying fixed loads and plotting the average crack length, a,
as a function of the craék opening displacement (COD) as measured by the clip
gage. The average crack length was obtained by measuring the crack ‘length on
both sides of the sperimens.

Although the four alloys varied widely in their strength levels, all the
specimens were initially fatigue precracked at 23 ksivin. Tests in salt water
solution only (no inhibitors added) showed that KIscc for 4340 and 300M
specimens was below 23 ksi/in whereas for HP 9-4-30 and 17-4 PH steels, a K
of 23 ksi/in was below their KIscc values. As such for all subsequent tests
the 4340 and 306M specimens were further precracked to a K value_of 10 ksi/in
(in decreasing steps, for example, from 23 to 18, 15, 12, 10 ksi/in) to obtain
valid values of K[scc for these alloys.

The load (P) was incrementally applied to the specimens by carefully mani-
pulating the hydraulic actuators starting at the K values as shown in Tables
7, 8 and 9. The magnitude of stepwise increments was 1 ksi/in. As shown by
Raymond,17 Figure 23, it is impo;tant to wait a significant amount of time before
measuring KIscc values to assure that a fictitiously high KIsc value is not
obtained. In the present study the specimens were stressed for period of

several weeks in order to measure KIscc' The incubation time required for crack

growth initiation may be a function of the alloy composition, as indicated in

Figure 23, In addition, Figure 2417 ghows that tne crack growth rate measurements

are very sensitive to small modifications of enviromment and alloy microstructure

(in this figure, lower hardness bainite versus higher hardness martensite). In
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' the present study the effects of microstructure or alloy chemistry and environ- )
ment on the incubation period and crack growth rate were clearly evident.

After failure of each specimen under overload conditions, the fracture
surface was carefully inspected to be certain that cracking had proceeded uni- ' 1

formly across the specimen thickness and that the crack front had suffered 1

e o — v — -

minimum amount of curvature. .

The determination of K and (da/dt) for these alloys in this manner

Iscc

provides a quantitative means of measuring the susceptibility to stresg

corro#ion cracking of the alloys in various aqueous enviromments, and can i

indicate the effectiveness of chemical inhibitor additions to the bulk (NaCl)

solution in preventing or retarding crack propagation at loads less than the

critical stress intensity, KIC' i
Data showing Kis c and crack growth characteristics of tbe various test 4

alloys are included as Figures 25-29 inclusive. The results are summarized in

Tables 7, 3 and 9.
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Figure 23. Stress History Effect in Stress-Corrosion Cracking.
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Figure 24. Factors that Affect the Crack Growth Rate of High-
Strength A1S1 4340 Steels in Aqueous Environments.
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Figure 25.

Crack Growth Rate versus Stress Intensity for alloy
4340 exposed to various environments.

Exposures: Specimen C4-25 uninhibited 0.1 M NaCl
solution.

Specimen C4-26 .01X Nalco 39L in 0.1
M NaCl solution.

Specimen C4-33 1X Nalco 39L imn 0.1
M NaCl solution.
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Figure 26.

Crack Growth Rate versus Stress Intensity for allay
4340 exposed to various environments.

Exposures: Specimen C4-27 0.01 M piperazine in 0.1 M
NaCl solution.

Specimen C4-28 0.01 M piperidime in 0.1 M
NaCl solution.

Specimen C4-34 1.0 M piperazine in 0.1 M
NaCl solutionm.

1.0 M piperazine increased KIs from V10 for uninhi-
bited solution, Figure 25, to 6% for alloy 4340 with
Oyg = 265 ksi.
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Figure 27.

Crack Growth Rate versus Stress Intensity for alloy
500M expcred to various environments.

E€xposure: Specimen C3-12 uninhibited 0.1 M NaCl
solution.

Specimen 03-i3 0.01X Haico 39L in 0.1
M NsCl solution,

Specimen C3-1% 0.1X Nalco 3I9L in 0.1 M
WaCl solution.

Specimen C3-10 1.0 M piperidine in 0.1
M NaCli solution.

Speicwen C3-11 1.0 M piperszine {n 0.1
M NaCl solution.
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Figure 28.

Crack Growth Rate versus Stress Intensity for alloy
17-4 PH exposed to various environments.

Exposures: Specimen C1l-12 uninhibited 0.1 M NaCl
solution.

Specimer C1-13 0.1X Nalco 39L in 0.1 M
NaCl solution.

Specimen Cl-14 1.7 M piperazine in 0.1
M NaCl solution.
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Figure 29. Crack Growth Rate versus Stress Intensity for alloy
HP 9-4-30 exposed to various environments.

Exposures: Specimen CH-6 uninhibited 0.1 M NaCl
solution.

Specimen CH-7 1X Nalco 39L in 0.1 M
NaCl solutionm.

Specimen CH-8 1.0 i piperazine in 0.1
M NaCl solution.

Specimen CH-9 1.0 M piperidine in 0.1

M NaCl solutiom. i e
All three inhibitors increased KIscc and reduced
crack growth rate significantly as compared with

uninhibited chloride solutionm.
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